The present work proposes the use of a TiO 2 electrode coupled to a one-dimensional photonic crystal (1DPC), all formed by the sequential deposition of nanocolumnar thin films by physical vapor oblique angle deposition (PV-OAD), to enhance the optical and electrical performance of DSCs while transparency is preserved. We demonstrate that this approach allows building an architecture combining a non-dispersive 3 µm of TiO 2 electrode and 1 µm TiO 2 -SiO 2 1DPC, both columnar, in a single-step process. The incorporation of the photonic structure is responsible for a rise of 30% in photovoltaic efficiency, as compared with a transparent cell with a single TiO 2 electrode. Detailed analysis of the spectral dependence of the photocurrent demonstrates that the 1DPC improves light harvesting efficiency by both back reflection and optical cavity modes confinement within the TiO 2 films, thus increasing the overall performance of the cell. References and links 1. B. O'Regan and M. Gratzel, "A low-cost, high-efficiency solar-cell based on dye-sensitized colloidal TiO2
Introduction
The depletion of fossil fuels and the rising energy demand have kindled worldwide the research interest in new technologies to exploit clean energy sources such as solar light, wind, water, hydrogen, etc. Within this context, production of electric energy using versatile photovoltaic cells is an appealing choice. Since the pioneering work of O'Regan and Grätzel in 1991 [1] , dye sensitized solar cells (DSCs) have attracted a great interest due to their low cost, high energy conversion efficiency, simple fabrication process and transparency. In particular, this latter characteristic implies an outstanding application benchmark for buildingintegrated photovoltaics (BIPV) applications [2] .
In the race for improving the efficiency of these devices, a widespread strategy consists of using electrodes formed by 1-dimensional (1-D) nanostructures, such as nanowires and nanotubes [3] [4] [5] [6] [7] [8] . The main advantage of such architectures lies in an improved collection of charge resulting from a direct path of electrons up to the external circuit, the minimization of the charge recombination processes at the grain boundaries and a limited exposure to the electron acceptors of the electrolyte [9] . Examples of this type of DSC configuration can be found in previous studies using nanocolumnar structures prepared by physical vapor oblique angle deposition (PV-OAD), where maximum efficiencies of ca. 3% and 4% have been reported for TiO2 anodes with thicknesses of 2.5 and 10 μm, respectively [8, [10] [11] [12] . In this case, the equivalent or slightly lower power conversion efficiencies obtained for these devices when compared to those based on nanoparticle electrodes [13] have been attributed to a lower surface area available for dye adsorption, which gives rise to low values of light harvesting efficiency (LHE) [13, 14] . Improved designs should therefore solve this issue by either increasing the effective surface area or modifying the optical design of the structure. In this regard, LHE in DSCs with standard electrodes made of nanocrystalline titania has been improved by the incorporation of diffuse back scattering layers [15] [16] [17] [18] . Unfortunately, this configuration also leads to an undesirable loss of transparency of the final device. A compromise between transparency and enhancement of LHE has been reached by incorporating different porous photonic crystals (PCs) onto the TiO2 electrode, being inverse opals [19] [20] [21] and multilayers [22] [23] [24] the most widely employed. These structures produce the reflection of light within a well-defined wavelength range, hence increasing the probability of light absorption by the photoactive layer, while allowing the rest of wavelengths to be transmitted [20, 25] . Thus, through a proper design of the PC it is possible to increase the photon absorption in a certain range of wavelengths while keeping the transparency of the complete device. Although this strategy has been experimentally proved with all nanoparticle 1DPC-TiO 2 electrodes [2, 22] , the coupling of photonic back reflectors onto nanocolumn based electrodes is still an open challenge, particularly if light scattering effects have to be avoided. Previous attempts in this same direction have focused on the integration of inverse opals onto ZnO nanorod electrodes, for which the device manufacturing process requires a multi-step deposition process [26, 27] . In another approach, a complete structure formed by TiO 2 nanotubes and a 1DPC, which yielded a significant enhancement of the LHE, was prepared by electrochemical anodization [28, 29] . However, this process could not be straightforwardly up-scaled because the thin oxidized layer had to be detached from the Ti substrate and then transferred onto a FTO substrate.
Herein we present a novel architecture consisting of a TiO 2 -SiO 2 1DPC coupled to a nanocolumnar TiO 2 electrode fabricated in a single-step PV-OAD process. This structure combines materials for which simultaneous optimization of electron transport and photon absorption can be achieved. It also allows controlling the desired extent of porosity, a requisite to optimize electrolyte flow through the photoanode, by taking advantage of the shadowing effects inherent to PV-OAD [30] . Another potential advantage of these photoanodes is the possibility to avoid light dispersion effects by properly adjusting their thickness and microstructure [8] . Our results demonstrate that, in comparison with equivalent cells prepared without any additional photonic structure, rises of up to 39% in photocurrent and 30% in photovoltaic efficiency are obtained with DSCs incorporating 1DPCs, where both the photonic crystal and the photoanode are prepared by PV-OAD. From the perspective of industrial implantation, PVD is advantageous because it can be carried out directly onto the desired substrate -e.g., conductive glass or conductive coated polymer-, provides a precise control over both the thickness and the refractive index of the deposited films and enables the fabrication of 1DPCs with high optical quality over large areas [31] [32] [33] .
Experimental section

Materials
All commercially available chemicals were used without further purification: ethanol (99.8%, Aldrich), TiO (99.99% from International Advanced Materials) and SiO2 (Sico Technology GmBH) evaporation targets. Indium-tin oxide (ITO) substrates were purchased from pgo-CEC050S (≤50 Ω·sq ). The dye (Bu4N)2Ru(debpyH)2(NCS) (Ruthenium 535-bisTBA, also known as N719) and the platinum paste (Platisol-T) were supplied by Solaronix. The electrolyte consisted of a mixture of 100 mM I 2 (Aldrich, 99.999%), 100 mM LiI (Aldrich, 99.9%), 600 mM [(C4H9)4N]I (Aldrich, 98%), and 500 mM 4-tert-butylpyridine (Aldrich, 99%), using 3-methoxy propionitrile (Fluka, ≥99%) as solvent. Surlyn-30 (Dyesol) was used as the hot melt sealing foil. All aqueous solutions were prepared using double distilled and ion-exchanged water.
Preparation of electrodes
The nanocolumnar TiO 2 electrodes were prepared at room temperature by PV-OAD in an electron bombardment evaporator reactor. TiO was used as target material and stoichiometric layers of TiO 2 were obtained by performing the evaporation in 10-4 torr of O 2 during the deposition. The individual layer thickness was controlled by monitoring the evaporation rate with a previously calibrated quartz crystal monitor. All thin films were prepared with an evaporation rate comprised between 1.0 and 1.5 Å·s . Flat substrates (ITO glass and Si(100) wafer) were placed at a zenithal evaporation angle (α) of 70° with respect to the evaporation source (see Scheme 1). It has been previously reported that DSC electrodes fabricated at this angle presented the highest performance because the surface area available for adsorption of dye molecules is maximum [8, 10] .
The TiO 2 electrode with a zigzag morphology was prepared by turning the substrate 180° around the azimuthal axis (ɸ) each 500 nm until completing the desired thickness. Thereafter, a TiO 2 -SiO 2 multilayer was deposited under similar conditions, whereby the SiO 2 layers were prepared using quartz as a target. The substrate was also azimuthally rotated by 180° from one layer to the next. The thicknesses of both the TiO 2 and SiO 2 layers of the photonic crystal, controlled during deposition with a quartz crystal monitor, were carefully adjusted to get a transmission gap that after infiltration with the electrolyte matches the maximum and the higher wavelenghts of the dye absorption band. A set of samples with an increasing number of layers in the 1DPC (8, 10 and 12) was prepared using the described procedure. The asprepared films were annealed at 400 °C for 4 hours in oxygen flow to induce the crystalline phase transformation of the TiO 2 into anatase.
DSC assembly
The prepared samples were immersed overnight in a 0.5 mM dye solution using ethanol as solvent. After immersion they were rinsed with ethanol and dried at 60 °C for 5 minutes. Counter-electrodes were obtained by depositing colloidal platinum paste onto a conductive ITO glass substrate by drop casting and heating at 420 °C for 15 minutes. Both electrodes were sealed using a thermo-polymer. The cells were finally filled with the liquid electrolyte through a hole made previously at the back of the platinized counter-electrode. Then, the hole was sealed with the thermoplastic polymer and a glass cover slide.
Characterization
The microstructure of the films was characterized by means of a scanning electron microscope (SEM), HITACHI S5200, equipped with a field emission gun. Both planar and cross-section views were obtained for columnar films deposited onto a Si(100) substrate. Cross-section views were obtained by cleaving the samples.
The quasi-normal incidence reflectance spectra were measured with a Bruker IFS-66 FTIR spectrophotometer attached to a microscope with a 4X objective with 0.1 of numerical aperture (light cone angle ± 5.7°).
I-V characterization was carried out with a solar simulator (Sun 2000, Abet Technologies) including a 150W xenon lamp and the appropriate filter for the correct simulation of the 1.5 AM G solar spectrum. The incident light power was normalized to 100 mW·cm
with a calibrated silicon solar cell. I-V curves were obtained by applying an external bias to the cell and measuring the generated photocurrent with a digital source meter (Keithley 2400). Incident photon to collected electron efficiency (IPCE) measurements were collected with a home-built system composed of a 300W Xenon lamp, a monochromator with 1140 g·mm , and a picoammeter (Keithley 6485). A UV filter with a cut-off wavelength of 400 nm was used to remove the second order harmonics exiting the monochromator. A silicon photodiode with calibration certificate (D8-Si-100 TO-8 Detector, Sphere Optics) was used to correct the cell response.
Results and discussion
The particular deposition geometry used in PV-OAD yields films with an open porous microstructure formed by continuous (i.e., extending from the substrate up to the surface) and tilted nanocolumns [34] [35] [36] [37] [38] . This is consequence of the shadowing effects governing the growth mechanism of the films, firstly by the initial nuclei deposited on the surface of the substrate and then by the developing nanocolumns [30, [34] [35] [36] [37] . The geometrical characteristics of the nanocolumns can be tuned to get different shapes and orientations (i.e., sculptured thin films) by conveniently moving the substrate during the deposition process using a turntable sample holder. In this way, microstructures in the form of helices [37] , vertical rods [39] , zigzag [8] , sinusoidal [40] , or capping [41] can be obtained. Figure 1 (a) presents a cross section SEM micrograph of the structure resulting of the stacking of 12 TiO2-SiO2 alternating layers onto a 3 µm thick TiO 2 zig-zag film prepared in one step by PV-OAD. The micrograph clearly shows the six 500 nm segments of TiO 2 electrode film followed by a series of stacked TiO 2 -SiO 2 layers, which form the 1DPC structure, also depicting a zigzag configuration. This microstructure is preferred because, although the electron transport and the recombination probability at the oxide-electrolyte interfaces are similar to those of linear nanocolumn arrays [12] , the probability to have light scattering is drastically decreased with this configuration, particularly if the photoanode thickness is kept around 3 μm (for higher thicknesses light dispersion effects typical for nanoparticulate DSCs start to be apparent) [8] . The open porous microstructure of the 1DPC-TiO 2 anode eases electrolyte diffusion during device operation [42, 43] .
The morphology of the TiO 2 -SiO 2 PC is shown in Fig. 1 . Backscattered electron micrographs [ Fig. 1(a) inset and 1(b) left] of this structure clearly show the two components of the multilayer, with the brighter regions corresponding to the material of higher electronic density, i.e., TiO 2 . The thickness of TiO 2 and SiO 2 layers was 100 nm and 90 nm, respectively. According to previous studies [31] [32] [33] , these thickness values maximize the overlapping between the reflection band of the PC and the absorption spectrum of the dye extending up to the IR region of the spectrum. This configuration also maximizes the beneficial effect of the photonic structure on the cell performance [2, 44] , as it will be explained below. A characteristic feature of 1DPCs is a colored reflection due to light interference phenomena at the interfaces between the different TiO 2 and SiO 2 stacked layers [25, 31] . The characteristic Bragg reflection peaks of the PV-OAD PCs formed by 8, 10 and 12 stacked layers coupled to a 3 µm nanocolumnar TiO 2 electrode were monitored by specular reflectance spectroscopy. Figure 2(a) shows the spectra recorded under quasi-normal incidence illumination from the air-multilayer interface side. It is known that the reflection intensity of 1DPCs increases with the number of layers [31, 45] . For the reported 1DPC structures, it significantly increases from 8 to 10 layers, but only a minor improvement is observed for the 12 layer mirror. Since maximum overlapping with the dye absorption band renders the highest enhancement in the performance of cells incorporating thin electrodes and low dye loadings [44] , the thickness of the constituent layers of the bare 1DPC were designed so that the final spectral position and width of the reflection band matches the targeted range when infiltrated by the electrolyte. Please notice that electrolyte filling of the pore network is expected to cause a red-shift of all spectral features. To realize this design, we considered previously attained refractive index (n) values of the individual layers of the stacking, i.e., n equal 1.70 for nanocolumar TiO2 and 1.28 for nanocolumnar SiO 2 [31] .
The photovoltaic performance of DSCs including these structures was compared with that of a reference cell without 1DPC. The characteristic current-voltage (I-V) curves are shown in Fig. 2(b) and the photovoltaic parameters extracted from their analysis presented in Table 1 . The obtained current densities (J sc ) significantly increase when the photonic crystal structure was incorporated onto the TiO 2 anode. The highest value of this parameter was obtained for the 10 and 12 layer structures (9.24 mA/cm 2 and 9.18 mA/cm 2 , respectively), with a photocurrent enhancement of 39% with respect to the reference. This result is consistent with the ΔJ sc values predicted theoretically by Lozano et al. in reference [44] , where the dependence of the expected enhancement of J sc with the thickness of the titania electrode and the period of the photonic structure was analyzed. The open circuit voltage (V oc ) remained invariant for all the cells with the exception of the 12 layer PC cell that presented a slight decrease, probably due to an increased resistance to electrolyte flow and subsequent increase of recombination rate due to the higher tortuosity of this PC. Thus, the interplay between the improvement of light reflection and the tortuosity hindering effects on diffusion makes that, although the fill factor (FF) of the PC cells decreased, the J sc enhancement resulted in an overall improvement of efficiency (η). The best performance was found for the 10 layer PC cell (η = 3.9%), which reached a 30% enhancement with respect to the reference. This value is significantly higher than that found for DSCs incorporated PV-OAD electrodes of similar or higher thickness [8] [9] [10] [11] [12] . Moreover, we want to point out that the values obtained for the DSC reference and for the DSCs including 1DPCs [ Table 1 ] are in the same range than those found in a similar study using nanoparticle electrodes [2] , thus revealing the capability of TiO 2 nanocolumnar films as electrodes in photovoltaic applications. To understand the effect of the PC on the optical and photovoltaic properties of the final device, a thorough study was carried out with the 10 layer PC cell. With this purpose, specular reflectance spectra of the DSC were recorded for frontal and rear illumination conditions (see Fig. 3 ). According to the scheme in Fig. 3(b) , under rear illumination the light impinges first on the PC structure and a well-defined Bragg peak can be detected. As mentioned above, the position of this reflection band is red-shifted (see Fig. 3(a) when compared to the spectrum in Fig. 2(a) taken for the same optical structure before its implementation in the cell) due to the change of the effective refractive index of the individual layers constituting the 1DPC upon infiltration with the electrolyte. When the sample is illuminated from the front side (i.e., normal working conditions), the intensity of the reflectance spectrum in the wavelength range matching the dye absorption band (included in Fig. 3(a) for comparison) is strongly suppressed. Related to these effects, a clear niche of application of DSCs contemplates their implementation onto glass in the form of colored layers. The visual appearance of a PV-OAD device and its transparency are illustrated by the transmittance (left) and reflectance (right) pictures presented in Fig. 3(c) for the case in which the 10 layer 1DPC has been included. For comparison, a photograph of a reference cell with the same thickness of TiO 2 layer without the photonic structure is also shown. These images clearly reveal the characteristic color of the Bragg reflector and support the suitability of the 1DPC-DSCs for aesthetic and/or architectural applications. The clear definition between interfaces for the so prepared photoactive layers gives rise to thin film interference effects that can be detected in a detailed analysis of the spectral photocurrent enhancement factor, defined as the ratio between the IPCE of the 1DPC based cell and that of the reference cell. Results for different electrode thicknesses are presented in Fig. 4 together with the corresponding specular reflectance spectra recorded for the DSCs. The maxima of these two spectra overlap revealing the photonic origin of the improvement observed in the photocurrent for the 1DPC based cells. Also, for the case of the 2 µm thick TiO 2 active layer, a clear correlation between the spectral position of reflectance secondary minima, observed within the photonic band gap frequency range, and the photocurrent enhancement peaks can be observed, as shown in Fig. 4(b) . As previously reported, this effect comes from the increased optical field intensity that occurs within the absorbing electrode due to the coupling of the photonic structure [22, 23] . As the number of resonant modes increases with the electrode thickness, their presence is more easily detected in thin electrode architectures. 
Conclusion
In this work we have reported a one-step fabrication method of zigzag nanostructures formed by a TiO 2 -SiO 2 1DPC and a thin film electrode made of aligned TiO 2 nanocomlumnar films grown by PV-OAD. The so-built electrodes present the requested features to allow for optimized charge transport and light harvesting collection, characteristics that to the best of our knowledge have not been achieved in a single structure before. Besides, control over the optical properties of the different stacked layers attained with this technique rendered high quality photonic structures with a characteristic aspect suitable for aesthetic applications in architectural glasses and surfaces. Photovoltaic characterization showed a remarkable improvement of efficiency of the photonic crystal based cells when compared to a nanocolumnar electrode used as reference. IPCE measurements revealed the fingerprint of photon resonant modes in the spectral dependence of the photocurrent, highlighting the photonic origin of the improvement observed. We foresee that the development of a single step physical vapour deposition method to create photoanodes with architectures that synergistically combine the optimum features for both efficient electron transport and light harvesting may have a significant impact in the industrial realization of dye sensitized solar devices.
